Computed tomography (CT) imaging and sound experimental measurements were used to reconstruct the acoustic properties (density, velocity, and impedance) of the forehead tissues of a deceased pygmy sperm whale (Kogia breviceps). The forehead was segmented along the body axis and sectioned into cross section slices, which were further cut into sample pieces for measurements. Hounsfield units (HUs) of the corresponding measured pieces were obtained from CT scans, and regression analyses were conducted to investigate the linear relationships between the tissues' HUs and velocity, and HUs and density. The distributions of the acoustic properties of the head at axial, coronal, and sagittal cross sections were reconstructed, revealing that the nasal passage system was asymmetric and the cornucopia-shaped spermaceti organ was in the right nasal passage, surrounded by tissues and airsacs. A distinct dense theca was discovered in the posterior-dorsal area of the melon, which was characterized by low velocity in the inner core and high velocity in the outer region. Statistical analyses revealed significant differences in density, velocity, and acoustic impedance between all four structures, melon, spermaceti organ, muscle, and connective tissue (p < 0.001). The obtained acoustic properties of the forehead tissues provide important information for understanding the species' bioacoustic characteristics.
I. INTRODUCTION
Research on the biosonar production, sound beam formation, and emission system in odontocete cetacean have shown that most species employ the similar tissue structures and mechanisms for echolocation. [1] [2] [3] [4] [5] In species of the porpoise (phocoenidae) and dolphin (delphinidae) families, the echolocation sound source has been identified as the monkey lips/dorsal bursae (MLDB) complex located below the blowhole in the paired nasal system. [6] [7] [8] [9] The sound produced is reflected and propagated into the forehead by a series of airs sacs and then focused by the melon that acts as an acoustic lens, before being transmitted into the environment.
Sound propagation processes in the Physeteridae family have been proposed to differ from that in other small odontocete species, e.g., porpoises and dolphins. 6, [10] [11] [12] [13] In the pygmy sperm whale (Kogia breviceps) and dwarf sperm whale (Kogia sima), facial muscles and the spermaceti organ have been found to control the sound generation and the acoustic energy transmission. 11, 12 For these species, it has been proposed that the sound is generated in a cornucopiashaped spermaceti organ and then channeled into the melon.
1, 6, 10, 12 The sound propagation differences in the Physeteridae family compared to small odontocetes may be explained by the extent of asymmetry in their nasal systems, e.g., porpoises and dolphins only show slight asymmetry compared to the highly asymmetric structure in the pygmy sperm whale. 6, 10 Further, the melon in the pygmy sperm whale differs from those of porpoises and dolphins in both size and morphology. 14 Compared to the relatively numerous studies on dolphin and porpoise sound production, [7] [8] [9] [15] [16] [17] [18] only a few have been published on the Physeteridae's echolocation production mechanism. 6, [10] [11] [12] [13] The spermaceti organ was speculated to function as a waveguide for the emitted sound from the MLDB complex into the melon. 11, 12 Karol et al. 6 proposed the echolocation sound projection mode in pygmy sperm whales by analyzing lipid composition of the melon and the spermaceti organ. Despite the fact that studies have been conducted on the biosonar projection system and the respective roles of the acoustic structures in pygmy sperm whales, the detailed understanding is still limited. For example, the corresponding roles of the acoustic structures in the emission system and the exact sound source in the pygmy sperm whale remain unknown. Basic anatomical, signal, and mechanism studies on the pygmy sperm whale are also required to fully understand the biosonar projection system in this species. [10] [11] [12] [13] In recent odontocete studies, computed tomography (CT) scanning has been used extensively as a modern medical technique to investigate odontocetes' anatomical structures, especially those related to the sound emission system. 1, 19, 20 Taking advantage of CT, Cranford et al. 1 investigated the functional morphology and homology in the nasal system of odontocetes and proposed a universal sound generation mechanism. More importantly, the combination of CT with model simulation provides researchers with an efficient method to study the sound beam formation in different odontocetes. 8, 9, 15, 16 Hounsfield unit (HU) measurements obtained from CT scanning were found linearly related to sound velocity and density in Cuvier's beaked whale (Ziphius cavirostris) 20 and a young individual of the Yangtze finless porpoise (Neophocaena asiaeorientalis asiaeorientalis). 21 However, it is unknown whether the same relationship is true for pygmy sperm whales.
This study represents the first attempt to provide information on acoustic properties of the forehead tissues in the pygmy sperm whale using CT scanning and physical measurements. The acquired properties were used to discuss the postulated sound propagation process 6 and provide basic anatomical and physical properties information for further sound production and propagation studies of the species.
II. MATERIALS AND METHODS

A. The study specimen
The specimen used in the study was a female pygmy sperm whale found stranded alive in Wenchang Bay, Hainan Province, China on 15 June 2014. The animal was transferred to a nearby marine wildlife rescue center directly after discovery. Unfortunately, the whale died three days later on 18 June. The specimen was then frozen in a À20
C ice chamber about four hours after death. Morphological measurements, dissection of the body, and a CT scan of the head were performed on 25 July 2014. The specimens' body length was 2.7 m, the weight was 280 kg, and the age was unknown.
B. CT scanning
CT scanning of the whale's head was carried out at the People's Hospital of Sanya by a GE Discovery HD750 CT (GE Healthcare Lifesciences, Pittsburgh, PA) with a 0.625 mm slice width. Due to the relatively fresh sample, it is unlikely that any decomposition would have influenced the measurements. The images with the resolution of 512 Â 512 pixels were collected at a power setting of 120 kV Â 425 mA and saved as Dicom format. The scanned images were processed using the software Mimics 16.0 (Materialise, Leuven, Belgium) to obtain HU values of the sample. HU describes the CT numbers that are derived by comparing the linear attenuation coefficient of a voxel with that of water. 22 The tissues denser than water would have HU values higher than that of water, which has HU value 0 at room temperature, and those lighter than water would have negative HU values. 22 The range of the HUs are normally scaled from -1000 to >1000, where air has a value of -1000, and calcification such as hard bone has a value >1000. 23 The general range of the mammalian soft tissues is between -100 and 100, with fatty tissues at the low end and denser connective tissues at the high end. 23 Through CT imaging, the internal structures (blubber, melon, cranium, mandible, maxilla, teeth, mandibular fat, and spermaceti organ) of the pygmy sperm whale's head could be reconstructed from three sections: the axial cross section, coronal cross section, and sagittal cross section as shown in Fig. 1 . In addition, the respective positions of the melon, muscle, connective tissue, and spermaceti organ were determined by analyzing the CT images. 20, 21 C. Sound velocity measurement Sound velocity measurements of the whale's forehead tissues were performed using an ultrasound velocimeter at room temperature (25 C) after the specimen was thawed. Velocimeter is a device to measure sound velocity of a tissue by measuring the time difference between different reflected waves, which has been applied in physical measurements by Soldevilla et al. 20 and Wei et al. 21 The specimen was sectioned along the body axis from anterior to posterior into eight transverse slices [ Fig. 1(c) ]. Seven slices (II-VIII) were used for sound velocity measurement, as shown in Fig.  2(a) . Each transverse slice was further cut into several small pieces, e.g., slice VII was cut into 12 pieces as shown in Fig.  2(b) . Sound velocity measurement of the piece was rejected if: (1) its size was smaller than the cylinder probe (1.5 cm in diameter) of the velometer; (2) its shape or size was greatly uneven; (3) it was a mix of more than two different tissues. In total 57 pieces were obtained of which 46 pieces satisfied the above 3 criteria and were chosen for measurements. The measurement system applied is shown in Fig. 3(a) . Each sample was put on a smooth metal baffle-board. A plexiglass parallel to the baffle-board was used to clamp and fix the sample. It ensured that the sample thickness was uniform while the ultrasound probe measured the sample in different positions. More importantly, the main purpose of the plexiglass was to produce the reflected sound waves. An Olympus 5073PR (Waltham, MA) ultrasonic pulser-receiver with the probe diameter of 1.5 cm was used to produce the ultrasound pulses at a frequency of 3.5 MHz. The first ultrasound pulse was reflected by the lower plexiglass surface, which intersected the upper surface of the tissue sample, and then received by the probe at time t 1 . A second distinguishable ultrasound pulse was further propagated through the test sample and reflected by the top of the metal baffle-board, which intersected the lower surface of the tissue sample, resulting in another reflected wave at time t 2 . The time difference, Dt, between these two reflected waves was measured with an oscilloscope (TDS 1012C-SC, Beaverton, OR) as shown in Fig. 3(b) . In addition, the distance d between the top of the metal baffle and the lower plexiglass surface, which also equaled the thickness of the test sample, was measured by a vernier caliper. Thus, the sound velocity (c) was determined as
The average time difference D t and distance d for each sample were obtained by five repeated measurements to obtain the averaged values of Dt and d to minimize potential error caused by the manual operation.
D. Density measurement
An electronic balance with an accuracy of 0.001 g was used for the mass measurement of the chosen samples. Each sample was measured five times to calculate the mean value m. Water was added into a cylinder with the accuracy of 1 ml and the original water volume was recorded as V 1 . The sample piece was then immersed into the cylinder with water, this created a new volume and was recorded as V 2 . The volume difference DV was obtained as V 2 À V 1 . This process was also repeated five times for each sample to attain their average volume differences as D V . Thus, the density of the sample was determined as
For samples denser than water, DV was equal to the volume of the measured sample. However, for samples lighter than water, which floated on the water surface when put into the cylinder, a glass rod was used to press the tissue under water and the immersed volume of the rod was deducted from DV to acquire the value representing the sample volume. Based on the sound velocity and density measurements, the acoustic character impedance Z s of each tissue sample was derived as
where q and c are density and sound velocity, respectively.
E. Statistical analysis
After obtaining the averaged sound velocity and density measurements of the samples, their corresponding HU values were derived from the CT scans. The normality and constant variance tests of the data (tissues' measured density, sound velocity, and HU) were presented and passed, with both p values >0.05. Correlation and linear regression analyses were then applied to investigate the relationships between HU and sound velocity, and HU and density, respectively. Based on the whole head's HUs derived from CT scanning and the deduced linear regression equations, the distributions of sound velocity, density, and acoustic impedance in the whole head at the coronal and sagittal cross sections were reconstructed. Further, to compare the derived HU values and acoustic properties (sound velocity, density, and acoustic impedance) of the analyzed tissue structures (melon, spermaceti organ, muscle, and connective tissue), an analysis of variance (ANOVA) was conducted. The data were first tested for normality and homogenous variances using Kolmogorov-Smirnov and Levene's tests. And the results showed that the properties were not drawn from normal distributed populations (p < 0.001) and their population variances were significantly different (p < 0.001). Therefore, a non-parametric Kruskal-Wallis ANOVA on ranks followed by post hoc Dunn' tests were used to test for statistical differences among the tissue structures. The statistical significance level was set as 0.05.
III. RESULTS
The CT scans revealed that the nasal passage system was asymmetric and that the cornucopia-shaped spermaceti organ was located in the right nasal passage, surrounded by tissues and airsacs, consistent with previous studies. 6, [10] [11] [12] [13] Further, a distinct dense theca was discovered in the posterior-dorsal area of the melon.
The relationship between density and sound velocity measurements and their corresponding HU values for all 46 measurements are shown in Fig. 4 
The attained linear relationships between HU and acoustic parameters (sound velocity, density, and acoustic impedance) were used to reconstruct the detailed distributions of HU, sound speed, density, and acoustic impedance at three different cross sections (axial, coronal, and sagittal) as shown in Figs. 5(a)-5(d).   FIG. 3. (Color online) (a) The systematic diagram of the sound velocity measurements (A, tissue slice; B, Olympus 5073PR ultrasonic pulserreceiver probe; C, plexiglass; D, bottom metal baffle-board). (b) The recorded waves on the oscilloscope from the ultrasound probe, with t 1 representing the first reflected pulse, i.e., the projecting time, and t 2 representing the second reflected pulse, i.e., the receiving time.
The air filled regions and the skull structures could be both observed in Fig. 5 . The data and images in Fig. 5 indicate that the forehead soft tissues are composed of three main parts, melon, muscle, and connective tissues. The melon tissue was found to possess lower HU, sound velocity, density, and acoustic impedance compared to the muscle tissue. Further, a dense connective tissue, theca, was found located on top of the muscle and the melon, which was characterized by low velocity in the inner core and high velocity in the outer region. The melon was found encased by muscle tissues and additional muscle tissue was also found located between the melon and connective tissues. These results indicating the respective placements of the soft tissues were consistent with previous studies.
1, 14, 20, 21 The nasal passages were clearly observed as being asymmetric from the front view (xy section). The cornucopia-shaped spermaceti organ was also identified. It was encased by higher value HU tissues, shown in both xy and xz sections in Fig. 5 , and positioned in close contact with the posterior part of the melon, shown in xz and yz sections of Fig. 5 . Figure 6 (a) shows the distributed sound velocity along the line in the middle part of Fig. 5(b) and its corresponding second order polynomial curve fitting ðVelocity ¼ 0:72 z þ0:005 z 2 þ 1472:5; r 2 ¼ 0:73Þ, suggesting that the sound velocity increased from the spermaceti organ to the melon and connective tissues. Figure 6(b) gives the distributed sound velocity along the line in the right part of Fig. 5(b) and its corresponding second order polynomial fitting curve ðVelocity ¼ 11:98 z þ 0:029 z 2 þ 2531:8; r 2 ¼ 0:92Þ, illuminating that the melon had lower velocity compared to muscle and the theca (connective tissue) located in the highest sound velocity end of soft tissues.
The Kruskal-Wallis one-way ANOVA and Post hoc Dunn' tests revealed statistically significant differences between any two of the four structures, melon, spermaceti organ, muscle, and connective tissue (p < 0.001) using HU, sound velocity, density, and acoustic impedance as dependent variables at statistical significance level 0.05. Table I Table I .
IV. DISCUSSIONS AND CONCLUSIONS
Inspired by the findings of linear relationships between HU and acoustic parameters in Cuvier's beaked whales and finless porpoise, 20, 21 we employed similar methods in this study to provide new insights into the biosonar system in the pygmy sperm whale. Our results present the first measurements and reconstruction of the acoustic parameters' (including sound velocity, density, and acoustic impedance) distribution characteristics in the forehead of a pygmy sperm whale. Acoustic properties were reconstructed on the basis of the derived linear relationships shown in Fig. 5 , where the forehead inner structures and tissues can be clearly observed. The resulting images show that the spermaceti organ was anteriorly connected to the melon, posteriorly approached the skull, and posterior-laterally folded to a porous cushion with many associated air sacs (Fig. 5) . The forehead tissue increased from the inner core to the outer region in both HU and the acoustic parameters. A dense connective tissue structure, the theca, was observed situated dorsally on the melon. It had the highest sound velocity and density among all soft tissues and its location was clearly visible in the CT images. The lowest HU were found in the air sacs in posterior and dorsal regions of the melon confirming their likely function as acoustic mirrors reflecting the transmitted sound.
The soft tissues of the pygmy sperm whale were compared to those described in the finless porpoise 21 and Cuvier's beaked whale, 20 shown in Table II . For the soft tissues in the forehead of these three species, both density and sound velocity were the lowest in the melon, highest in connective tissue, and middle in muscle. However, there were some inter-species differences when comparing the sound velocity and density of the three structures. For the melon, the highest sound velocity and density were found in the finless porpoise. However, for muscle, the highest sound velocity was found in pygmy sperm whale and the highest density was found in the finless porpoise. For connective tissue, the pygmy sperm whale had the highest sound velocity and the Cuvier's beaked whale had the highest density.
Further investigation with large samples should be performed to allow more detailed inter-species comparisons among these acoustic properties and their corresponding influences on respective species echolocation beam formation.
The reconstruction of the tissue structures and their respective acoustic properties in the pygmy sperm whale's forehead presented here contribute to the understanding of the biosonar generation and propagation process in this species. This adds to the previously proposed compositional topography of the melon and spermaceti organ lipids based on dissections of the nasal apparatus in pygmy sperm whales by Karol et al. 6 and Clarke and Thornton et al. 11 Neglecting the shear wave of the solid skull, the skull's acoustic impedance could be computed as 6:9 Â 10 6 Pa s=m (the product of its sound velocity 3450 m/s and density 2000 kg/m 3 ), 16 and similarly the acoustic impedance of the air structures was 415 Pa s=m (the product of its sound velocity 343 m/s and density 1.21 kg/m 3 ). 24 Further, the spermaceti organ's acoustic impedance was computed as 1:44 Â 10 6 Pa s=m, as shown in Table I . The sound energy would be reflected when propagating from the first media to the second and the reflection coefficient, which signifies the reflection energy back to the first media, was shown as
where Z 1 and Z 2 are the respective acoustic impedances of the first and second media. 24 The sound energy reflected back to the first media would increase to the total reflection as approaches 1 and decreases to 0 as jRj approaches 0.
Thus, the reflection coefficients between the spermaceti organ and air, the spermaceti organ and skull could be estimated as 0.68 and $À1, respectively. This suggests that the sound energy was nearly totally reflected from the skull, from the air enclosure with a reverse phase of 180 , to the spermaceti organ. When the sound wave further transmitted from the spermaceti organ into the big melon, the small differences in acoustic impedance between the spermaceti organ and melon, shown in Fig. 5(d) , created a reflection coefficient of 0.02, leading to a low energy reflection back to the spermaceti organ and a high propagation energy into the melon. Although the calculation above was applied during the ideal condition of plane acoustic wave incidence from one medium to another, it provides important theoretical information for discussion of sound energy redistributions due to structures' acoustic impedance mismatch. Based on the results from the study, we propose the following mechanisms for the sound propagation in the pygmy sperm whale: After sound entered the muscle and melon regions, which had different acoustic impedances, it was sandwiched by an upper dense theca (with the highest acoustic impedance among the soft tissues) and the solid maxilla, which caused the wave propagation to refract multiple times before forming sound beams into environment. Although the analysis on the forehead's sound velocity and density distributions provide indirect validation for the proposed sound propagation mechanism, further studies on model simulating the sound wave propagation within the pygmy sperm whale's head are necessary.
Karol et al. 6 has described the melon tissue visually as two parts, an inner melon and an outer melon. According to Fig. 5 and the study by Soldevilla et al., 20 in which the muscle in the forehead was investigated to be a soft tissue encasing the melon, located between the melon and the surrounding connective tissue, 20 it is likely that the outer melon and inner melon described by Karol et al. 6 instead is represented by the muscle and melon presented in the current paper. Further, the results presented here are also consistent with the findings of Karol et al. 6 in that the muscle was revealed to be the significantly higher in sound velocity than the melon and spermaceti organ (p < 0.001). In addition, the melon was found to have a sound velocity significantly lower than the spermaceti organ (p < 0.001). Although the current work was based on the direct physical measurement of sound velocity, further studies are still needed to determine which of the two structures has a higher velocity.
Previous research has showed that freezing and thawing postmortem dolphin tissue samples may not affect the acoustic parameters of the tissues. 25 The measured samples in this paper came from a pygmy sperm whale that was frozen immediately after death. The measurements were performed as soon as the samples were thawed to ensure that the results would be representative of live tissues. 25 In addition, previous investigations have also revealed effects of temperature and pressure on odontocetes forehead tissues' sound velocity. 13, 20 The sound velocity of acoustic fats in odontocetes' foreheads was found negatively related to temperature, while the muscle and connective tissues had slightly negative and positive relations to temperature, respectively. 13, 20 For the dwarf sperm whale, a different species of the Kogiidae family, the influence of temperature on the melon's sound velocity was found to be insignificant when comparing room temperature (around 25 ) to in vivo temperature (around 38 ) under 1 atm pressure. 13 Further studies are required to determine whether the results of the dwarf sperm whale are applicable to the pygmy sperm whale. Our measurements were conducted at 25 C and based on the lack of temperature effect on the results for the dwarf sperm whale, 13 we used our data to reconstruct the pygmy sperm whale's forehead sound distributions. The results presented here could therefore be considered representative of those in vivo and be used as reference to investigate the biosonar emission and reception systems in pygmy sperm whales.
The limited availability of acoustic properties data has restricted studies on the sound beam formation in pygmy sperm whales, with only a few studies related to pygmy sperm whales conducted to date. 6, 10, 12 Previous studies on odontocetes' beam formation mechanism through computer modeling have mostly concentrated on other species and there is still plenty that remains to be investigated on the pygmy sperm whale. The sound generation and propagation mechanism of pygmy sperm whales are believed to resemble those of other odontocetes, 1 due to their similarities in forehead structures and recorded signals.
1, [26] [27] [28] [29] [30] [31] However, further research is needed and should be applied to investigate the biosonar sound beam formation in this species, to which the results in this study provide basic, but important acoustic properties' data.
In conclusion, in this paper, we combined CT scanning with experimental measurements and reconstruction of the forehead tissues to describe the acoustic properties including density, velocity, and acoustic impedance in the pygmy sperm whale for the first time. The detailed reconstruction of the forehead tissues presented show that the nasal passage system in the studied pygmy sperm whale specimen was asymmetric and that the cornucopia-shaped spermaceti organ was located in the right nasal passage and encased by a cushion composed of soft, connective tissues and air sacs. A distinct dense theca was discovered in the posterior-dorsal area of the melon, which was characterized by low velocity in its inner core and encased by a higher velocity muscle. The study further revealed significant differences in density, velocity, and acoustic impedance among melon, spermaceti organ, muscle, and connective tissues. These results provide important baseline information for future studies of the sound production mechanism and propagation of biosonar signals in the pygmy sperm whale and other odontocetes.
